Three-phase controlled converters have many applications in the utility interfacing of renewable energy sources and adjustable speed drives as a rectifier or inverter. The utility line currents of these converters have a high harmonic distortion, which is more than the harmonic standards. This paper introduces a new technique for circulating the third harmonic currents from the dc-link to the line currents to reduce their harmonic contents. The proposed system uses a single-phase PWM converter to control the angle and amplitude of the injection current for each of the firing angle of a three-phase converter. A detailed analysis is introduced to achieve a relationship between the firing angle of the three-phase controlled converter and the power angle of the PWM converter. In addition, a detailed design for the other injection path components is introduced. A simulation and experimental work is introduced to prove the mathematical derivations. Analysis, simulation and experimental results prove the superiority of the proposed technique.
I. INTRODUCTION
Three-phase controlled converters have many applications such as ac and dc adjustable speed drives (ASD) [1] - [5] , induction heating, HVDC power systems, power supplies and utility interfacing of renewable energy (RE) systems with electric utilities [6] - [10] . These applications use controlled converters as a rectifier or as an inverter. The line currents of controlled converters have high harmonic contents with respect to PWM converters that use IGBT. However, apart from the higher switching losses associated with PWM converters, the power handling capability and reliability of these devices are quite low when compared to SCRs [10] . Moreover, some applications especially in high ratings prefer line commutated converters over PWM due to the high EMI associated with PWM. Many techniques have been introduced to reduce these harmonics such as a reduction by using increased pulse numbers, IPN [11] , active and passive filters, APF [12] - [14] , modulation of the controlled signal of dc-dc converters connected to a converter by third harmonic components, MCC [15] , or by third harmonic injection from the dc-link to the line currents, 3
rd _INJ [16] - [19] . The third harmonic injection technique was used in uncontrolled converters in [20] - [23] . A review of the three-phase improved power quality of uncontrolled converters by different techniques is shown in [24] . The third harmonic injection technique in a controlled converter was first introduced in 1969 [25] . This technique uses the third harmonic voltage in the dc-link to inject a current to the line currents. References [26] and [27] used the three LC branches tuned around triple the utility frequency to inject the third harmonic current into the line currents. This technique has many disadvantages due to its high cost, the fact that it is bulky, and its need of precise values for L and C to share the third harmonic currents equally. References [28] , [29] used an interfacing delta-star transformer to circulate the injection current to the neutral of the star. This technique increases the cost due to the interfacing transformer. Other references [18] , [19] used star-delta transformer in the reinjection path with an unloaded delta to circulate the injection current through the neutral of the star to the line currents. Some other references [16] , [20] , [30] , and [31] used a partial rating (20%) zigzag transformer to circulate the third harmonic injection current to the line currents to replace the need for a full load D/Y transformer. The injection of the third harmonic has been controlled by using a single-phase boost rectifier to circulate the power in the third harmonic path back to the dc-link to increase the converter efficiency [31] . This technique is suitable for uncontrolled rectifiers because it is easy to control the third harmonic current in the injection path, but it cannot control the angle of the injection current that should be changed with changing the firing angle of the three-phase controlled converter [31] , [32] . The new proposed technique introduced in this paper avoided this limitation by controlling the phase angle and amplitude of the injection current by controlling the power angle and modulation index of the single-phase PWM converter, respectively, in the injection path. This is shown in Fig. 1 and Fig. 2 for the ASD and the RE, respectively. Therefore, the main contribution of the proposed technique in this paper is the decoupling between the amplitude and the angle of the injection current which has not been introduced before.
Reference [30] used a bidirectional switch in the third harmonic injection path to control the injection current for each firing angle of the controlled converter. as shown in Fig. 3(a) at α=20 o . Fig.   3 (b) shows the injection current along with v a (ωt). Fig. 3 (c) shows the voltage of phase a and the reinjection current. The waveforms of voltages at the dc-link, V dn , V fn and V on , are shown in Fig. 3(d) . These voltages are the voltages that were used to circulate the third harmonic current in the injection path. Therefore, by using the complex Fourier analysis for these voltages, the relation between the voltage, V on,3k , and angle a can be obtained from the following equations:
And angle of V on,3k for odd values of k is,
V on,3k = 0 for even values of k where: . Therefore, tuning the harmonic injection path around triple the utility frequency will circulate the third harmonic current freely. As a result, the following analysis will focus on the third harmonic component. By substituting k =1 in (1) and (2), the voltage, V on, 3 , and its angle can be obtained as shown in (4) and (5), respectively [31] , [32] . The optimum angle between the third harmonic component of the injection current, I f3 , and supply current of phase a with respect to 180 Hz, I a3 , is 180° [20] , [31] and [32] . Depending on this logic, the injection current, I f3 , can be drawn with respect to I a3 at the optimum injection angle. As shown in Fig. 3 , the voltage, v a , has been taken as a reference. Therefore, the phase angle of the fundamental current of the phase a current is -a and -3a with respect to the utility and triple the utility frequencies, respectively. Then the optimum angle, f opt , between v a and I f3 is shown in (6) .
In addition, the optimum angle between V on, 3 and I f3 is ψ opt , which can be obtained from the following equation:
From (6) and (7) (4) the relation between V on,3 /V LL and the firing angle, a, is shown in Fig. 6 . In the same way, from (6) and (7), the variation of θ on, 3 , f opt , and ψ opt along with the firing angle of the three-phase converter, a, are shown in Fig. 6 .
II. THE OPTIMUM AMPLITUDE OF INJECTION CURRENT
The amplitude of the optimum injection current for minimum THD, is a function of the dc-link current, I o . Therefore, the amplitude of the injected current can be assumed to be qI o where q is a proportional constant. Then the equation of the injected current, i f3 , can be obtained from the following equation:
In the case of the phase a voltage, v a is the reference voltage. Then the current of phase a can be determined from the following equation: The rms value of the supply current, I a,rms , can be obtained as shown in (10). Substituting (10) and (11) into (12) For the minimum THD, the derivative of the THD should be equal to zero.
By substituting (13) into (14) the optimum value of q is:
The value of q opt is exactly the same as the value obtained for the diode rectifier [16] , [33] . The theoretical minimum THD associated with this technique can be obtained from substituting (15) into (13) . Then the minimum THD that can be obtained from the third harmonic injection technique is 5.12%. The optimum value of the reinjection current can be obtained from (6) and (15) and is shown in (16) . (16) In the case of q=1.5 and the variable reinjection current angle, (9) can be modified to be as shown in (17) . The rms value of the supply current, I a,rms , can be obtained from (17) and rms of the fundamental component of the line current, I a,rms , can be obtained by the Fourier transform of the current shown in (17) . Substituting the new values of I a,rms and I a,rms into (13) and equating the derivative of the THD by zero, the optimum relation between α and f opt can be obtained, which is the same that previously obtained in (6) . The variation of the THD with the firing angle α at q=1.5 is shown in Fig. 7 .
III. DESIGN EXAMPLE
A prototype model has been used to demonstrate the above analysis. The model is designed to feed 2kVA loads with a supply line voltage of 220V. The model is used in simulation and experimental work. The dc-link parameters, X L,dc and X C,dc , are chosen to be 0.5 and 0.1 pu, respectively. From the nominal values of the components in the model, the base value of the supply current is 5.25A, and base impedance is Z base =24.2W. Then X L,dc =7.25W, X C,dc =4.02W, L dc =6.42mH, and C dc =220mF. These values of L dc and C dc are equally divided in the dc-link as shown in Fig. 1 and Fig. 2 . Then the impedances of each of the inductors and capacitors are 3.625 W and 2.011W, respectively, as shown in Fig. 8 . Therefore, the resultant impedance between points "o" and "d" or between "o" and "f" =3.625-2.011=1.614W. The values of each of the components of the model are shown in Table II The output dc voltage from the single-phase PWM should be connected to the dc link as shown in Fig. 1 and Fig. 2 . The single-phase PWM converter replaced the single-phase uncontrolled converter in [31] to control the angle of the injection current. The third harmonic injection current can be controlled by varying the modulation index of the PWM converter. A current sensor is used to measure the actual dc-link current and the third harmonic injection current. The error signal between these two currents is used to control the modulation index, m a , of the single-phase PWM converter. The relation between the rms value of the injected current, I f , and the dc current, I o , is I f =1.5 I o [31] . The relation between the injection current, I f , and modulation index of the PWM converter is shown in Eq. (18) . It is clear from this equation that the rms value of I f can be easily controlled by controlling the modulation index of the single phase PWM converter. This logic has been accomplished as shown in Fig. 9 . It is clear from (18) and Fig. 10 that the injection current can be controlled by controlling the modulation index, m a , of the single-phase PWM converter.
The power in the 3 rd harmonic injection path will return to the dc-link and can be obtained from (19) and (20) . Equating these two equations with some simplification produces the relation between the angle between V on,3 and I f , and y opt and the power angle, d, as shown in (21) . It is clear from this equation that the angle y can be controlled by controlling the power angle, d. The relation between y and the power angle, d, for different values of the firing angle, a, is shown in Fig.   11 . The output dc voltage of the single-phase PWM converter is connected to the dc-link of the three-phase controlled converter to return the power back to the dc-link. The relation between the optimum values of f, y and the firing angle, α, of the three-phase converter can be obtained from (5), (6) and (7), as shown in 
IV. DESIGN OF ZIGZAG TRANSFORMER
The third harmonic injection can be transferred to the line current using a zig-zag transformer [16] , [20] , [22] , [23] , and, [30] - [32] or a three-phase transformer with an open delta [18] , [19] . The required kVA rating of the three-phase transformer with an open delta is 3 times the kVA required for a zig-zag transformer [23] . For this reason a zig-zag transformer has been used in this study. The rms values of the winding voltages are V LL /3 [23] . The VA rating of the zig-zag transformer can be obtained from (22) , and as discussed before I f3 =0.606pu. The VA rating of the zigzag transformer is S zig-zag =0.606/3=0.202pu, which means that the VA rating of the zig-zag transformer is about 20.2% of the VA rating of the controlled converter. 
V. SIMULATION AND EXPERIMENT RESULTS
A prototype model has been introduced to demonstrate the above analysis. The prototype model is designed to feed 2kVA loads with a supply line voltage of 220V. The prototype model is used in simulation and experimental work. The simulation of the proposed technique was performed using the PSIM computer program. Same of the values of the components used in the simulation program have been used in the experimental prototype to compare the results. The simulation and experimental work was performed in the rectifier and inverter modes of operation. The simulation and experimental results are identical and agree with the mathematical analysis. Fig. 12 shows the relation between the THD and the value of q for the mathematical analysis (22) and the experimental analysis at a=20 o . This figure reveals that the optimal value of q is 1.5 for the minimum THD as previously concluded from (15) . In addition, this figure shows the importance of the third harmonic injection technique in reducing the harmonic contents in utility line currents. The simulation and experimental waveforms for respectively. Fig. 17 shows the FFT components of i a without the harmonic injection. It is clear from this figure that the supply current has a very high THD and that it is mostly of 5 th and 7 th harmonics. The THD of this current is about 54%, which is greater than all of the harmonic standards. Fig. 18 and Fig. 19 show the utility line current, i a , the injection current, i f , and v a , with the optimum harmonic injection current for α=30 o and the FFT components of i a , respectively. Fig. 20 and Fig. 21 show the utility line current, i a , the injection current, i f , and v a , with the optimum harmonic injection current for α=130 o and the FFT components of i a , respectively. It is clear from Fig. 19 and Fig. 21 that the THDs are 5.085% and 5.103%, respectively, which is acceptable by harmonic injection standards. The results shown in Fig. 18 to Fig. 21 prove the superiority of the proposed injection technique.
VI. CONCLUSIONS
The utility line currents of three-phase controlled converters have a THD that is higher than the harmonic standard limits. This high THD can produce a lot of problems in power systems. One of the most effective techniques to deal with this is the circulation of the third harmonic current from the dc-link to the line currents. This paper introduces a single-phase PWM converter in the injection path to control the angle of the injection current for each firing angle of a three-phase controlled converter. The power circulated in the third harmonic injection path is recovered by circulating the power back from the output of the single-phase PWM converter to the dc-link of the three-phase controlled converter. The modulation index and power angle of the single-phase PWM converter can control the amplitude and angle of the 3 rd harmonic injection current. In this paper, the optimum relation between the firing angle of the three-phase controlled converter and the power angle of single-phase PWM converter for the minimum THD is introduced. In addition, the optimum amplitude of the injected current is introduced both mathematically and experimentally. The THD of the utility line current from the simulation and experimental results proves the mathematical results for this technique. The THD of the utility line current with the optimal harmonic injection current is about 5% which is lower than limits of harmonics standards.
